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Cultured spinal cord neuroepithelial (NEP) cells can differentiate into neurons, oligodendrocytes and astrocytes and are
morphologically and antigenically distinct from neural crest stem cells (NCSCs) that generate the PNS. NEP cells, however,
can generate p75/nestin-immunoreactive cells that are morphologically and antigenically similar to previously character-
ized NCSCs. NEP-derived p75-immunoreactive cells differentiate into peripheral neurons, smooth muscle, and Schwann
cells in mass and clonal culture. Clonal analysis of NEP cells demonstrates that a common NEP progenitor cell generated
both CNS and PNS phenotypes. Differentiation into NCSCs was promoted by BMP-2/4 and differentiation did not require
cells to divide, indicating that BMP played an instructive role in the differentiation process. Thus, individual NEP cells are
multipotent and can differentiate into most major types of cell in the CNS and PNS and that PNS differentiation involves
a transition from a NEP stem to another more limited, p75-immunoreactive, neural crest stem cell. © 1998 Academic Press
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INTRODUCTION
Neurons, oligodendrocytes, and astrocytes of the devel-
oping central nervous system likely arise from an initial
population of pluripotent stem cells (Reynolds et al., 1992;
Vescovi et al., 1993; Kilpatrick and Bartlett, 1993; Davis
and Temple, 1994; Temple and Davis, 1994; Johe et al.,
1996; Kalyani et al., 1997). At least two distinct classes of
stem cells have been distinguished based on growth factor
dependence, isolation procedures, and growth conditions
(see however Kitchens et al., 1994; Vescovi et al., 1993, for
an alternate view). One such class, generally called neuro-
spheres are EGF (epidermal growth factor) dependent, grow
in suspension culture in defined medium, and appear to be
present later in development than FGF (fibroblast growth
factor)-dependent stem cells (Reynold and Weiss, 1996;
Santa-Ollala and Covarrubias, 1995; Kilpatrick and Bartlett,
1995). NEP (neuroepithelial) stem cells, prototypic of the
FGF-dependent population of CNS stem cells, grow in
adherent culture, require FGF and chick embryo extract
(CEE) to remain undifferentiated, do not express EGF recep-
tors, and can be isolated at E10.5, a stage at which
neurosphere-like cells are not present (Kalyani et al., 1997).
While both neurospheres and NEP cells can generate
neurons, astrocytes, and oligodendrocytes of the central
nervous system, neither stem cell population has been
shown to generate neural derivatives of the peripheral
nervous system (PNS) or the nonneural derivatives of the
craniofacial mesenchyme. PNS derivatives as well as mela-
nocytes, smooth muscle of the aortic outflow tract, and the
craniofacial mesenchyme are thought to arise from a PNS
stem cell termed the neural crest stem cell (NCSC) (re-
viewed by Le Douarin, 1982; Anderson, 1989, 1993;
Bronner-Fraser, 1995a,b). Neural crest stem cells are a
transient population of cells that arise at or around the time
of neural tube closure, undergo extensive migration, and
generate a prodigious array of phenotypes (reviewed in Le
Douarin, 1982; Bronner-Fraser, 1995a,b). Differentiation
likely occurs through a series of progressive restrictions in
developmental fates (reviewed in Anderson, 1989, 1993).
Like neurospheres and NEP cells, NCSCs are multipotent
and show at least limited self-renewal capacity. NCSCs
therefore, represent a stem cell for the peripheral nervous
system.
NCSCs can be distinguished from CNS stem cells by
their morphology, by expression of low-affinity NGF recep-
tor (in rodent crest), by the progeny that they generate, and
by their inability to generate CNS derivatives (Kalyani et
al., 1997). NCSCs differentiate into Schwann cells, sensory,
sympathetic, and enteric neurons as well as nonneural
derivatives such as cartilage, bone, melanocytes, and
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FIG. 2. NEP cells generate neural crest cells in culture. E10.5 NEP cells grown on fibronectin for 5 days were harvested by
trypsinization and replated onto fibronectin coated 35-mm dishes in neural crest medium with CEE. Cells were allowed to
differentiate for 5 days and double labeled for p75 (A–D, red) expression and the expression for nestin (A, green), E-NCAM (B, green),
A2B5 (C, green), and GFAP (D, green). Note that p75-immunoreactive cells are nestin immunoreactive but do not express any
lineage-specific markers.
FIG. 1. NEP cells can generate Schwann cells and smooth muscle. E10.5 NEP cells grown on fibronectin for 5 days were harvested by
trypsinization and replated onto fibronectin-coated 35-mm dishes in neural crest medium with CEE. One dish was stained for nestin (A,
red) and p75 (B, green) 1 day after plating. Note that dissociated NEP cells do not express p75 immunoreactivity. Cells were allowed to
differentiate for 5 (C and D) or 10 days (E and F). Cell cultured for 5 days were stained for DAPI/p75 (C and D, blue and red, respectively),
while cells cultured for 10 days were double labeled for SMA (E, red) and nestin (E, green ), or p75 (F, red) and GFAP (F, green). Note that
NEP cells differentiated to generate p751 glial cells and smooth muscle.
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smooth muscle (derivatives not reported from CNS stem
cells). Mature NCSC-derived cells express phenotypic
markers that can be used to distinguish them from related
cells in the CNS. For example, Schwann cells can be
distinguished from astrocytes and oligodendrocytes by the
coexpression of GFAP (glial fibrillary acid protein) and
myelination antigens such as Gal-C, P0, and O4. Peripherin
and TH (tyrosine hydoxylase) expression is characteristic of
sympathetic neurons of the PNS but is generally seen in
only limited populations of CNS derivatives. Cells express-
ing markers characteristic of NCSC derivatives have not
been shown to arise from either neurospheres or NEP cells.
Further, although NCSCs are multipotent stem cells of the
PNS, they seem incapable of generating CNS derivatives
and transplantation of primary crest cells, and cell lines
into the CNS results in primarily Schwann cell differentia-
tion (Rao et al., unpublished results, Bronner-Fraser, per-
sonal communication). Thus CNS stem cells and NCSCs
represent two different kinds of stem cells.
The lineage relationship between CNS stem cells and
NCSCs has not been closely analyzed in rodents. Either two
independent lineages have segregated at the time of neural
tube closure or the two populations are lineally related.
Evidence suggesting both possibilities exists from experi-
ments analyzing avian crest development. Several studies
have shown that not only have crest cells segregated prior
to neural tube closure but that the crest population has
already been segregated into subtypes that have a limited
differentiation potential. For example, Weston and col-
leagues and have described early and late migrating crest
cells that differ in their ability to generate melanocytes and
sensory neurons(reviewed in Weston, 1991; see also Henion
and Weston, 1996). Other experiments (Moury and Jacob-
son, 1989; Selleck and Bronner-Fraser, 1995) have shown
that at least some neural crest cells arise from the ectoderm
in juxtaposition with the neural folds rather than from
neural plate cells that form the neural tube. Neural tube
rotation experiments performed at a later stage in develop-
ment (Weston 1963; Stern et al., 1991) show that when
ventral neural tube is placed dorsally, it will not generate
neural crest. Rather, neural crest will arise ventrally from
the rotated dorsal tube, suggesting that cells have become
committed to CNS or PNS fates as early as stage 15.
Other experiments analyzing crest development in
chicks and quails have suggested that segregation is not
absolute. Single cell-labeling experiments have identified
precursors whose progeny have populated both the CNS
and the periphery (Sanes. 1989; Leber et al., 1990; Bronner-
Fraser and Fraser, 1988, 1989; Artinger et al., 1995). Mor-
phological analysis has indicated that cells have also
adopted appropriate PNS fates. These experiments strongly
suggested that a common CNS–PNS progenitor exists in
vivo. Neural tube ablation experiments have also suggested
that neuroepithelial cells present in the developing neural
tube have not lost their ability to generate PNS derivatives.
If the neural tube is ablated up to 6 h after normal crest
migration, the ventral neural tube cells which normally do
not generate neural crest will readily generate migratory
cells which will populate appropriate PNS ganglia (Scher-
son et al., 1993). These studies, in contrast to the studies
cited above, suggest that a common progenitor does exist at
some early stage in development (even after neural tube
closure) and that this progenitor generates both CNS and
PNS derivatives in vivo.
Corresponding experiments demonstrating a common
CNS–PNS precursor have not been performed in rodents
and the issue of whether such a common precursor exists
remains open. Further, most of the results from chick
embryos suggest that if a common CNS–PNS precursor
exists, its proliferative potential is rapidly lost soon after
crest has migrated, suggesting that the CNS stem cells
isolated in rodents may not have the ability to generate
crest-like cells. Indeed, little evidence exists to show that
the developing rodent neural tube can generate neural crest
after neural tube closure in rodents. Explants of rat neural
tubes after neural crest has migrated (E12 or later) do not
generate additional neural crest. Indeed even in neural
tubes isolated at E10.5 (a time of normal crest outgrowth)
and placed in culture, neural crest outgrowth occurs only
from the dorsal surface. This raises the possibility that
neural crest and CNS stem cell lineages have segregated as
early as E11. However, alternative explanations such as the
lack of an appropriate signal in explant cultures cannot be
excluded.
To test the lineage relationship between CNS and PNS
stem cells we have examined the differentiation properties
of a recently described CNS stem cells termed the NEP
stem cell (Kalyani et al., 1997). In this article we present
evidence that individual NEP cells can generate PNS de-
rivatives in both mass and clonal culture and are therefore
more pluripotent than first described. We show that differ-
entiation into PNS derivatives likely involves the genera-
tion of neural crest stem cells . Our data suggest a transition
from one stem cell to another stem cell of a more restricted
developmental potential. These results and the relationship
of crest cells to other stem cells are discussed.
MATERIAL AND METHODS
Substrate Preparation
Laminin (Biomedical Technologies Inc.), used at a concentration
of 20 mg/ml, was dissolved in distilled water and applied to tissue
culture plates (Falcon) for a minimum of 4 h. Fibronectin (Sigma)
was resuspended to a stock concentration of 10 mg/ml, stored at
280°C and diluted to a final concentration of 25–250 mg/ml in
DPBS (Gibco/BRL). Fibronectin solution was applied to tissue
culture dishes and immediately withdrawn. Dishes were air dried,
rinsed with DPBS, and used immediately. To prepare fibronectin-
and laminin-double-coated dishes, laminin (20 mg/ml) was applied
to fibronectin-coated dishes and plates were incubated for an
additional 5 h. Excess laminin was withdrawn and the plates were
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allowed to air-dry. Plates were rinsed with DPBS and then allowed
to dry again.
NEP Stem Cell and Neural Crest Cultures
Sprague–Dawley rat embryos were removed at embryonic day
10.5 or 13.5 and placed in a petri dish containing Hanks’ balanced
salt solutions (HBSS, Gibco). Trunk segments of the embryos (last
10 somites) were dissected using tungsten needles, rinsed, and then
transferred to fresh HBSS. Segments were incubated at room
temperature in dispase–collagenase (Worthington) for a period of
10 to 12 min. The enzyme solution was replaced with fresh HBSS
containing 10% fetal bovine serum (FBS). The segments were
gently triturated with a Pasteur pipet to release neural tubes free
from surrounding somites and connective tissue. Isolated neural
tubes were transferred to a 0.05% trypsin/EDTA solution (Gibco/
BRL) and incubated for 10 min. Cells were dissociated by tritura-
tion and plated in 35-mm dishes (Nunc) at high density. Cells were
maintained at 37°C in 5% CO2/95% air. Cells were replated at low
density after 3 days. Cells from several dishes were then harvested
by trypsinization (0.05% trypsin/EDTA solution for 2 min), pel-
leted, resuspended in a small volume, and replated at a density of
5000 cells/35-mm dish.
The basal medium used in all NEP cell experiments was a
chemically defined medium supplemented with CEE. The medium
consisted of DMEM/F12 (Gibco/BRL) supplemented with additives
described by (Bottenstein and Sato, 1979), bFGF (20 ng/ml), and
CEE extract (10%) prepared as described previously (Stemple and
Anderson, 1992).
Differentiation was promoted by replating NEP cells growing on
fibronectin-coated dishes cells on laminin-coated dishes and with-
drawing CEE. Cells were generally allowed to differentiate for a
period of 48 h. In some experiments BMP-2/4 was added at 5–10
ng/ml to promote differentiation of neural crest derivatives.
NEP-derived p75-immunoreactive cells were grown in neural
crest medium modified from that described by Stemple and Ander-
son (1992). In brief DMEM/F12 medium was supplemented with
additives described by Bottenstein and Sato, 10% CEE, NGF (50
ng/ml, UBI), FGF (10 ng/ml, UBI), and EGF (100 ng/ml, UBI).
To promote maturation of Schwann cells, differentiated p75-
immunoreactive cells were immunopanned and grown in neural
crest medium with the addition of dibutryl cyclic AMP (5 mm,
Sigma) for an additional 7 days. To promote smooth muscle
differentiation crest cells were grown in neural crest medium
supplemented with 10% fetal bovine serum (Hyclone).
Clonal Cultures of NEP Cells and NEP-Derived
p75 Immunoreactive Cells
Either immunopanned cells (see below) or immunostained cells
were trypsinized and plated in gridded clonal culture dishes
(Greiner Labortechnik) coated with fibronectin/laminin at a dilu-
tion of 100 cells/dish. Cells were allowed to settle for a period of
4 h, single cells were identified, and their development was
followed in culture. NEP cells were grown in NEP medium as
described above (see also Kalyani et al., 1997). NEP-derived p751
cells were grown in neural crest medium as described above. To
promote Schwann cell or smooth muscle differentiation neural
crest medium was supplemented with dibutryl cyclic-AMP and
10% FBS after 7 days in culture. In most experiments, clonal
cultures were terminated after 15 days. In these assays, approxi-
mately 10–20% of single cells died within 24 h. Clonal plates were
usually triple-labeled with the cell surface antigen and the appro-
priate secondary antibodies as described below.
Immunopanning of p751 Cells
p751 cells were purified from induced NEP cells using a
specific antibody-capture assay (Wysocki and Sato, 1978)
with minor modifications. In brief, cells were trypsinized
and the suspension was plated on an p75 antibody (IgG192,
Developmental Studies Hybridoma Bank)-coated dish to
allow binding of all p751 cells to the plate. p751 dishes
were prepared by sequentially coating tissue culture dishes
with an unlabeled anti-mouse IgG antibody (10 m¨g/ml)
overnight, rinsing dishes with DPBS, followed by coating
with IgG192 hybridoma supernatant for 1 h at room tem-
perature.
Cells were allowed to bind to the plate for 1 h at room
temperature. Unbound cells were removed and the plate
was washed with DMEM supplemented with additives
described by Bottenstein and Sato (1979), (DMEM–BS).
Bound cells were scraped off and plated on fibronectin/
laminin-coated dishes in 1 ml of DMEM–BS 6 growth
factors in either mass (5000 cells/dish) or clonal culture
(100 cells/dish). Growth factors were added every other day.
In all case an aliquot of cells were analyzed the next day to
determine the efficiency of the immunopanning. In general
greater than 90% of the bound cells expressed detectable
p75 immunoreactivity.
Immunocytochemistry
Staining procedures were as described previously (Rao and
Mayer-Proschel, 1997). Staining for the cell surface markers p75,
E-NCAM, A2B5, and GalC was carried out in cultures of living
cells. To stain cells with antibodies against internal antigens
cultures were fixed with 2–4% formaldehyde for 30 min at room
temperature. In general dishes were incubated with the primary
antibody for 1 h followed by incubation with an appropriate
secondary antibody for an additional hour. Double/triple-labeling
experiments were performed by simultaneously incubating cells in
appropriate combinations of primary antibodies followed by
noncross-reactive secondary antibodies. DAPI histochemistry was
performed as described previously (Kalyani et al., 1997). DAPI
staining was generally carried out after double or triple labeling had
been completed.
p75, E-NCAM, A2B5, O4, and GalC antibodies were hybrid-
oma supernatants obtained from DHSB (Developmental Hybrid-
oma Studies Bank). GFAP (glial fibrillary acid–protein) GFAP
(Sigma) which specifically recognizes glial cells (Bignami et al.,
1972), b-III tubulin (Sigma) which stain neurons, nestin (mono-
clonal from DSHB, polyclonal, a gift from Dr. K. Cauley at Signal
Pharmaceuticals), a marker for undifferentiated stem cells (Len-
dahl et al., 1990; Dahlstrandet. et al., 1995), and SMA (smooth
muscle actin, Sigma) which identifies smooth muscle were used
to identify the phenotypes of differentiated cells. 5-Bromo-
deoxyuridine (BRDU, Sigma) was used to determine the number
of dividing cells. All secondary monoclonal antibodies were
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purchased from either Jackson Immunologicals or Southern
Biotechnology.
RESULTS
NEP Cell Generate PNS Derivatives
To determine if NEP cells can differentiate into neural
crest-derived PNS cells we chose to examine two types of
crest cell derivatives, Schwann cells and smooth muscle
cells. Schwann cells can be distinguished from astrocytes
by their coexpression of GFAP and the low-affinity NGF
receptor as well as myelination antigens (Stemple and
Anderson, 1992; Shah et al., 1996; Shah and Anderson,
1997; see also review by Mirsky et al., 1996). Smooth
muscle can be identified by the expression of smooth
muscle-specific actin (SMA) and the coexpression of desmin
and calponin (Shah et al., 1996; Shah and Anderson, 1997).
NEP cells isolated from E10.5 rat neural tubes were
plated on fibronectin-coated dishes and cells were tested for
the expression of p75 (the low-affinity neurotrophin recep-
tor) after 48 h in culture. No p75 immunoreactivity was
detected (Fig. 1). p75-immunonegative NEP cells were
grown in differentiation conditions to promote crest cell
differentiation and then maintained in neural crest culture
medium for 10 to 15 days (see Material and Methods), and
the presence of smooth muscle cells and Schwann cells was
analyzed by immunohistochemistry. As can be seen in Fig.
1 significant numbers of Schwann cells and smooth muscle
cells were present, indicating that both of these derivatives
could be generated from p75-immunonegative neuroepithe-
lial cells. Generation of Schwann and smooth muscle cells
was invariably preceded by the presence of p75-immuno-
reactive cells. Two distinct types of p75-immunoreactive
cells could be distinguished. Neuronal-looking cells that
were phase bright had large cell bodies and long processes.
These cells were likely motoneurons because double label-
ing showed that most p75-immunoreactive neuronal cells
coexpressed cholineacetyltransferase (ChAT) immunoreac-
tivity (data not shown, see however Kalyani et al., 1997). In
addition to the p75-immunoreactive neuronal-appearing
cells, a more flat fibroblastic-appearing cell was present.
These cells occurred in clusters (Fig. 1). Double labeling of
these cells showed that they were nestin immunoreactive,
did not express lineage markers such as GFAP and
E-NCAM, and did not label with the A2B5 monoclonal
antibody (Fig. 2). The absence of lineage markers of the
coexpression of p75 and nestin have been considered hall-
marks of neural crest in rodents (Stemple and Anderson,
FIG. 3. NEP-derived p75-immunoreactive cells generate neural
crest-derived cells in mass culture. NEP cells were allowed to
differentiate in culture and p75-immunoreactive cells were se-
lected by immunopanning. A shows a panned population of p75
cells double labeled for p75 (red) and DAPI a nuclear marker. Note
that most cells are p75 immunoreactive. Immunoselected p75-
immunoreactive cells were allowed to differentiate and expression
of differentiation markers was tested after 7 days (B, C, and D) or 15
days (E and F) in culture. Smooth muscle actin immunoreactive
cells (B, red), b-111 tubulin immunoreactive neurons (B, green),
TH-immunoreactive neurons (C, brown), and peripherin-immuno-
reactive neurons (D, brown) were present after 7 days in culture.
After 15 days in culture large numbers of GFAP-immunoreactive
cells (F, green) that coexpressed p75 immunoreactivity (E, red) were
present. Thus NEP-derived p75-immunoreactive cells can differen-
tiate into peripheral neurons, smooth muscle, and Schwann cells.
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1992). Thus p75-immunonegative NEP cells could generate
p75-immunoreactive crest-like cells as well as NCSC de-
rivatives.
NEP-Derived p75-Immunoreactive Cells Generate
PNS but Not CNS Derivatives in Mass and Clonal
Culture
To determine if NEP-derived p75-immunoreactive cells
have the ability to differentiate into NCSC derivatives,
p75-positive cells were selected by immunopanning and
plated in neural crest differentiation medium (Fig. 3). p75-
positive cells differentiated into b-111 tubulin- and GFAP-
immunoreactive cells (Fig. 3). The GFAP-immunoreactive
cells expressed p75 and a subset of the cells expressed O4, a
myelination-specific antigen (data not shown). This pattern
of antigen expression is characteristic of Schwann cells
(Stemple and Anderson, 1992; Rao and Anderson, 1997;
Mirsky et al., 1996). Neurons that differentiated expressed
peripherin (Fig. 3) and a subset of the cells expressed TH
(Fig. 3) and MASH (data not shown), markers characteristic
of sympathetic and enteric neurons This pattern of differ-
entiation into peripherin-immunoreactive neurons is simi-
lar to neural crest differentiation under identical culture
conditions (Sommers et al., 1995; Rao and Anderson, 1997).
Thus p75-immunoreactive cells isolated from NEP cells are
FIG. 4. NEP-derived p75-immunoreactive cells grow in clonal culture to generate neurons, smooth muscle, and Schwann cells. NEP cells
from 10.5 embryos were isolated and induced to differentiate by the addition of RA and withdrawal of FGF and the addition of 5 ng/ml of
BMP-2. p75-immunoreactive cells were isolated by immunopanning and plated in clonal culture and the differentiation of individual clones
was followed. A shows a representative clone double labeled for p75 expression (red) and DAPI histochemistry (blue) after 3 days in culture.
Note that all cells express p75 immunoreactivity. B shows a phase picture of a clone grown for 10 days in culture. Note cells with different
morphologies are present in a single clone. C shows a differentiated bipotential clone that has generated SMA-immunoreactive cells (red)
as well as GFAP-immunoreactive cells (green). D shows a clone containing b-111 tubulin-immunoreactive cells (green) and SMA-
immunoreactive cells (red). E shows a tripotential clone which contain b-111 tubulin-immunoreactive cells (red, small arrow), smooth
muscle-immunoreactive cells (red, large arrow), and GFAP-immunoreactive cells (green). Thus NEP-derived p75-immunoreactive cells are
multipotent crest cells.
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morphologically and phenotypically identical to neural
crest and respond in culture in a similar fashion. p75-
immunoreactive cells did not generate oligodendrocytes as
characterized by Gal-C and O4 immunoreactivity under all
culture conditions tested (data not shown). In contrast, NEP
precursor cells readily differentiated into oligodendrocytes
in culture (Kalyani et al., 1997; Rao and Mayer-Proschel,
1997; Rao et al., 1998). Thus, p75-immunoreactive cells
generated PNS but not CNS derivatives.
Our mass culture experiments described above showed
that the p75-immunoreactive population is capable of gen-
erating PNS derivatives. To determine if individual cells
were multipotent we examined the differentiation potential
of p75-immunoreactive cells grown in clonal culture. Both
spontaneously differentiating p75 cells and BMP-2-induced
p75-immunoreactive cells were tested with identical re-
sults (data not shown and see below). BMP-2-induced p75-
immunoreactive cells were plated at clonal density and
colonies were assessed after 10 days in culture. Clonal
analysis indicated that most clones (14/17) derived from
p75-immunoreactive cells were mutipotential and that a
significant proportion of the clones contained more than
one kind of differentiated cell (Fig. 4). Both neuron- and
smooth muscle-containing and glial- and smooth muscle-
containing clones could be identified. An example of a
bipotential clone containing smooth muscle and glial cells
is shown in Fig. 4. Tripotential clones were rare (2/17) and
an example of one such clone is shown in Fig. 4. Only one
unipotential clone which consisted of primarily smooth
muscle cells was identified (data not shown). Thus, most
NEP-derived (or BMP-2 induced) p75-positive cells are at
least bipotent and can differentiate into neural and non
neural derivatives.
Most NEP Cell Clones Generate Both CNS and
PNS Derivatives
Individual NEP cells have been shown to be multipotent
and generate CNS derivatives such as oligodendroglial
precursors and neuronal precursors (Kalyani et al., 1997;
Rao and Mayer- Proschel, 1997; Mayer-Proschel et al.,
1997). Our present results suggest that NEP cells can
generate both CNS and PNS derivatives. It is possible,
however, that NEP cultures contain two distinct popula-
tions of cells indistinguishable by available antigens, one of
which generates CNS-type cells and the other PNS-type
cells. To distinguish between these possibilities we exam-
ined the ability of individual NEP cells to generate CNS and
PNS precursor cells. We chose to use p75 as a marker for
neural crest and A2B5 as a marker for oligodendrocyte
precursors. p75 was used because it is expressed by crest
cells (Stemple and Anderson 1992) and by double labeling
with neuronal markers we can exclude other populations
(such as motoneurons) that may express this marker. A2B5
was used as a glial marker because we have previously
shown that A2B5 recognizes a glial precursor in rat neuro-
epithelial cell cultures (Rao et al., 1998; Rao and Mayer-
Proschel, 1997). This combination of p75 and A2B5, there-
fore, allowed us to detect both CNS and PNS derivatives
without necessitating the use of multiple antibodies.
Clonal analysis showed that individual NEP cells could
generate both A2B5- and p75-immunoreactive cells (Fig. 5).
Double labeling showed that p75 and A2B5 were expressed
in nonoverlapping populations of cells and that the percent-
age of p75-immunoreactive cells in a clone varied from 5 to
50% (data not shown). No clone consisting of only p75-
immunoreactive cells or only A2B5-immunoreactive cells
was seen. In all cases unlabeled cells were also present (see
table in Fig. 5). To further confirm the presence of both CNS
and PNS derivatives in the same clone, a subset of NEP
clones was allowed to mature further and the coexpression
of SMA with A2B5 and b-111 tubulin was analyzed. A2B5
was chosen because we have previously demonstrated that
A2B5 immunoreactivity identifies a CNS glial precursor
(Rao and Mayer-Proschel, 1997). As can be seen in Fig. 6
clones containing A2B5- and SMA-immunoreactive cells.
as well as clones containing b-111 tubulin and SMA were
present. Approximately 40% of the clones showed the
presence of both A2B5- and SMA-immunoreactive cells,
suggesting that both CNS and PNS derivatives were present
in the same culture.
Differentiation into p75-Immunoreactive Cells Is
Regulated by BMP-2
It has been previously suggested that dorsalizing signals
may regulate the differentiation of precursor cells into CNS
or PNS stem cells (Dickinson et al., 1995; Liem et al., 1995).
To determine if dorsalizing signals such as BMP could
promote NEP cell differentiation into p75-immunoreactive
crest cells, we examined the effect of BMP-2. As can be seen
in Fig. 7, 10 ng/ml of BMP-2 caused a large increase
(fourfold) in the number of p75-immunoreactive cells as
well as in the intensity of p75 immunoreactivity. Both
neuronal and noneuronal p75-immunoreactive cells were
detectable. p75-immunoreactive cells that did not appear
neuronal in morphology and did not express detectable
b-111 tubulin (a neuronal marker), A2B5, or GFAP immu-
noreactivity (data not shown) were considered to be neural
crest cells. The identity of crest cells was confirmed by
analyzing the differentiation potential of immunopanned
cells (see Figs. 3 and 4).
To determine if BMP promoted crest differentiation by
increasing proliferation we examined the effect of BMP on
NEP cell mitosis by BRDU incorporation. As can be seen in
Fig. 8, BMP appeared to inhibit overall mitosis. BMP did not
selectively promote mitosis of p75-immunoreactive cells
(data not shown), suggesting that cells did not need to
undergo cell division to determine phenotype. This was
assessed directly by plating NEP cells at low density and
determining if p75 immunoreactivity could be acquired
without undergoing cell division (Fig. 8). Thus, BMP can act
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as an instructive molecule to bias cells to differentiate into
p75-immunoreactive crest-like cells, indicating that the
choice to become a CNS stem cell or an NCSC can be
regulated by extrinsic signals.
DISCUSSION
Our results demonstrate the existence of a common
CNS–PNS precursor that in addition to generating neurons,
astrocytes and oligodendrocytes of the CNS can also gener-
ate Schwann cells and smooth muscle in mass and clonal
culture. Differentiation into smooth muscle and Schwann
cells is preceded by the generation of a p75-immunoreactive
stem cell that is morphologically and phenotypically iden-
tical to the previously characterized NCSC. NEP-derived
NCSCs are self-renewing multipotent cells that can gener-
ate both neural and nonneural derivatives. We have shown
that the choice of differentiating into CNS or PNS stem
cells can be regulated in vitro by BMP-2 and that BMP-2
regulates crest differentiation without stimulating mitosis.
Individual cells can differentiate from NEP to crest without
undergoing cell division, suggesting that BMP acts as an
instructive molecule.
Our results cannot be explained by the presence of a
contaminating population of p75-immunoreactive crest
cells that were present in our neuroepithelial cell cultures
for several reasons. NEP cells were cultured for 48 h and
stained for p75 immunoreactivity and only cultures that
had no p75-immunoreactive cells (100% of cultures) were
analyzed. p75-immunonegative cells readily generated
mixed clones that included p75-immunoreactive cells, in-
dicating that p752 cells could generate p751 crest-like cells.
p75-immunoreactive cells could constitute 80% of the
cultured population within 2 days of BMP treatment and
this large increase was not due to proliferation of crest cells
because BMP had no mitogenic effect on either NEP cells
(see Results) or neural crest cells (data not shown). Taken
together the data strongly suggest that NEP cells are ca-
pable of generating neural crest and its derivatives.
We had previously proposed a model for NEP cell differ-
entiation (Kalyani et al., 1997) where we had argued that
NEP cell differentiation occurs via a progressive restriction
in developmental fate as has been suggested for neural crest
differentiation (Anderson, 1989). We suggested that NEP
cells will generate CNS derivatives via intermediate more
restricted precursors termed NRPs and GRPs. Subsequently
we have demonstrated that such precursors exist in vivo
and can be distinguished from NEP cells by the expression
of characteristic markers (Rao and Mayer-Proschel, 1997;
Mayer-Proschel et al., 1997; Rao et al., 1998). NCSCs could
be considered similar to other intermediate precursors
because they can be generated from NEP cells and have lost
the ability to differentiate into CNS derivatives. Our model
for NEP cell differentiation has therefore been extended to
include differentiation into neural crest (Fig. 9). However,
while we and others have not seen CNS derivatives arise
from neural crest either in vitro or in vivo, it is possible that
the developmental restriction is not absolute. Some crest
cells may be able to dedifferentiate/transdifferentiate (re-
viewed by Eguchi and Kodama, 1993; Hass, 1994) under
appropriate stimulus. Such transdifferentiation has been
shown to occur in Schwann–melanocyte differentiation
(Sherman et al., 1993) and more recently in pigment cell
epithelium to neurons and astrocyte differentiation (Zhao
et al., 1995; Sakaguchi et al., 1997). How restricted p75/
nestin-immunoreactive neural crest cells are remains to be
determined. These experiments are difficult to perform
because only a limited set of markers that unambiguously
distinguish CNS and PNS derivatives exist. It is clear,
however, that under identical conditions NEP cells will
generate a different subset of differentiated cells than NEP-
derived p75-immunoreactive crest cells
Our results suggest that while p75-immunoreactive
cells do not differentiate into CNS derivatives, a similar
limitation in differentiation potential for spinal cord-
derived NEP stem cells has not occurred. A recent report
suggests that even cortical stem cells isolated at a later
stage in development are also capable of generating
neural crest derivatives (Hazel et al., 1997, Soc. Neurosci.
Abst. 131.9). Cortical stem cells harvested at E14.5, a
time period well after cranial neural crest has migrated,
generated neural crest-like cells, indicating that the abil-
ity to generate neural crest may persist far longer than
previously supposed. It should be noted that both re-
ported stem cell populations were maintained in FGF. It
remains to be seen if EGF-dependent neurosphere stem
cells or the adult neurosphere stem cells which appear
similar to embryonic neurospheres in most characteris-
tics can also generate neural crest.
Our results and those of Hazel et al. (Soc. Neurosci.
Abst. 131.9, 1997) also provide a possible origin for the
late-appearing neural crest population described as emi-
grating from the dorsal spinal cord as late as E 5. in chick
embryos (Sharma et al., 1995; Korade et al., 1995; Sohal
et al., 1996). The results of Sharma and colleagues sug-
gest that even after neural tube closure some spinal cord
cells are capable of generating peripheral derivatives and
that these derivatives are an important component of
normal development. Taken together with the present
results these experiments suggest that mouse and rat
neural crest differentiation may be similar to chick crest
development. It further suggests that the late-appearing
population of crest cells do not represent a segregated
population of stem cells. Rather, they represent a normal
differentiation potential of the CNS stem cell under ap-
propriate environmental signals.
Our experiments suggest that BMP-2 may be important
in regulating the differentiation of NEP cells into NCSCs.
BMP-2 significantly increased the number of p75-immuno-
reactive NCSCs present in culture. The increase in crest
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cell number was not due to an increase in proliferation
because BMP-2 appeared to be an antimitotic agent and
significantly reduced the number of dividing cells present
(see Results). Rather BMP-2 appeared to act as an instruc-
tive molecule to promote crest differentiation without
cell division. We have seen similar effects with BMP-4
and BMP-7 (data not shown, see also Hazel et al., 1997,
Soc. Neurosci. Abst. 131.9). Explant experiments with
chick neural tubes (Dickinson et al., 1995; Liem et al.,
1995, 1997) as well as experiments studying crest differ-
entiation in Xenopus embryos have also implicated ecto-
derm and members of the TGF-b superfamily in promot-
ing neural crest differentiation (Wilson et al., 1995;
Mayor et al., 1997; Mancilla and Mayor, 1996). Thus the
available data suggest that members of the TGF-b super-
family present in either the dorsal tube or the overlying
ectoderm may be important instructive molecules that
regulate crest differentiation. Several members of the
family including dorsalin (Basler et al., 1993), TGF-b
(Liem et al., 1997) etc. are expressed at the appropriate
times in vivo and therefore represent likely candidates.
Gene-knockout experiments and function-blocking ex-
periments may identify the specific members involved.
Other molecules such as noggin (Mayor et al., 1997) and
slug (Mancilla and Mayor, 1996) may also play a role. Our
NEP cell– crest cell culture assay represents a simple
assay in which such molecules can be rapidly tested.
Our demonstration that a significant proportion of NEP
stem cells can generate neural crest and that this number
can be regulated by BMP provides a potential source for
large numbers of crest cells for analysis. Historically, har-
vesting and analyzing neural crest cells have been difficult
because they are present only transiently in early embry-
onic development (Le Douarin, 1982). Further, the average
yield of crest cells from a single E10.5 rat neural tube is a
few thousand crest cells (Stemple and Anderson, 1992; Ito
et al., 1994). In contrast each neural tube harvested at the
same stage yields about 100,000 cells of which potentially
60% are stem cells (these results, see also Kalyani et al.,
1997). Furthermore, CNS stem cells can be maintained over
multiple passages further amplifying the number of avail-
able stem cells (Reynolds and Weiss, 1996; Vescovi et al.,
1993; Kalyani et al., 1997). Generating neural crest cells
from cultured CNS stem cells represents a novel method of
obtaining very large numbers of PNS derivatives.
In summary, we have established a lineage relationship
FIG. 5. NEP cells form colonies containing A2B5- and p75-
immunoreactive cells. E10.5 NEP cells grown on fibronectin
for 5 days were harvested by trypsinization and replated onto
fibronectin-coated 35-mm dishes at clonal density (50–100 cells/
35-mm dish), in NEP medium. Single isolated cells were circled
and followed for a period of 15 days. A shows one representative
clone stained for p75 (red), A2B5 (green). Table summarizes the
results from all clones analyzed.
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FIG. 6. NEP cells form colonies containing both CNS and PNS
derivatives. E10.5 NEP cells grown on fibronectin for 5 days were
harvested by trypsinization and replated onto fibronectin-coated
35-mm dishes at clonal density (50–100 cells/35-mm dish) in NEP
medium with CEE. Single isolated cells were circled and followed
for a period of 15 days. A shows one representative clone stained for
SMA (red) and A2B5 (green) expression. B shows one representative
clone stained for SMA (red) and b-111 tubulin (green) immunore-
activity. Thus individual NEP cells can generate both CNS and
PNS derivatives.
FIG. 7. BMP-2 regulates the number of p75-immunoreactive cells
present in culture. E10.5 NEP cells grown on fibronectin for 5 days
were harvested by trypsinization and replated onto fibronectin-coated
35-mm dishes in neural crest medium with CEE (A and B) and either
with 10 ng/ml of BMP-2 (C and D), or with 100 ng/ml of shh. Cells
were allowed to differentiate for two additional days and double
labeled for DAPI immunohistochemistry (A, C, and E, blue) or for p75
immunoreactivity (B, D, and F). Note the large increase in the number
of p75-immunoreactive cells after BMP treatment. In contrast, cul-
tures treated with shh showed no increase in p75-immunoreactive
cells when compared to controls (compare B and F).
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FIG. 8. BMP-2 acts as an instructive molecule to regulate neural crest differentiation. E10.5 NEP cells grown on fibronectin for 5 days were
harvested by trypsinization and replated onto fibronectin-coated 35-mm dishes either without (A and B) or with (C and D) the addition of
10 ng/ml of BMP-2. Cells were allowed to differentiate for two additional days and double labeled for BRDU (B and D, red) and DAPI
immunohistochemistry (A and C, blue). Note that BMP treatment does not increase mitosis but rather causes a reduction in cell division
(compare C and D). E summarizes the results from counting random fields from two independent experiments. The difference is
statistically significant at the 95% confidence limit using a Student t test. E (phase) and F (red) show a single cell that was
p75-immunonegative at the time of plating that acquired p75 immunoreactivity (F, red) without cell division.
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between a CNS stem cell, the NEP cell, and a PNS stem
cell, the NCSC. We have demonstrated the differentia-
tion of one stem cell into another and shown that this
differentiation is regulated by external signals such as
BMP-2. These results further our understanding of the
sequential restriction in developmental potential of pre-
cursor cells and provide a model to analyze the molecular
events underlying differentiation of NCSC form embry-
onic neural stem cells.
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